Introduction
============

Decisions regarding chemotherapy on the basis of clinicopathological features alone remains unclear for patients with estrogen receptor (ER)-positive, human epidermal growth factor receptor type 2-negative, lymph node-negative breast cancer ([@b1-ol-0-0-9784]--[@b3-ol-0-0-9784]). A number of multigene-based assays have emerged to predict the risk of distant recurrence and the benefit of chemotherapy in patients with early-stage breast cancer ([@b4-ol-0-0-9784]--[@b8-ol-0-0-9784]). The current National Comprehensive Cancer Network guidelines for Breast Cancer recommends the 21-gene recurrence score (RS) test for the management of patients with ER-positive, early-stage, lymph node-negative breast cancer measuring \>0.5 cm in size ([@b4-ol-0-0-9784],[@b9-ol-0-0-9784]).

The Oncotype DX assay has been developed to assess the risk of distant recurrence ([@b10-ol-0-0-9784]). This test uses an algorithm to calculate a RS on a scale of 0 to 100, which is used to categorize patients into 3 risk groups: Low (RS \<18); intermediate (RS 18--30); and high (RS ≥31), using specified cut-off points to classify each patient ([@b10-ol-0-0-9784]--[@b13-ol-0-0-9784]). The RS has been validated by estimating the rate of distant recurrence following 10 years through large-scale clinical trials, including the National Surgical Adjuvant Breast and Bowel Project B-20 in patients with breast cancer. The rate in the low-risk group was significantly lower compared with that in the high-risk group. The Oncotype DX assay provides predictive power for distant recurrence according to RS and a significant correlation has been identified between chemotherapy treatment and RS ([@b1-ol-0-0-9784],[@b10-ol-0-0-9784],[@b14-ol-0-0-9784],[@b15-ol-0-0-9784]). However, due to the cost of the Oncotype DX assay and a number of additional turnaround times, it is not commonly performed in the majority of cases of patients with breast cancer ([@b16-ol-0-0-9784]). For example, in Korea, the cost of the test is quite high, as the assay is performed abroad ([@b9-ol-0-0-9784]).

Therefore, the objective of the present study was to examine whether the Biomark assay system could be a substitute for the Oncotype DX RS assay, using a dynamic array chip. This assay may serve as a beneficial tool to evaluate the prognosis of breast cancer by predicting the risk of distant recurrence, and individually judging the necessity of chemotherapy in patients with ER-positive, early-stage breast cancer.

Materials and methods
=====================

### Sample preparation

Formalin-fixed paraffin-embedded (FFPE) tissues (n=50) from patients with early-stage ER-positive breast cancer, who underwent the Oncotype DX test (Genomic Health Inc., Redwood City, CA, USA) following surgery, were used for RNA extraction. The FFPE blocks and paired hematoxylin and eosin-stained slides were obtained from the Department of Pathology at Korea University Guro Hospital (Seoul, Korea). All patients were female and their ages ranged between 32--80 years (median, 52.42 years). The stage of patients were classified according to internationally recognized guidelines for breast cancer ([Table I](#tI-ol-0-0-9784){ref-type="table"}) ([@b17-ol-0-0-9784]). The present study was approved by the Institutional Review Board of the Korea University Guro Hospital (approval no. KUGH 17046; Seoul, Korea). All participants provided written informed consent. A skilled pathologist at Korea University Guro Hospital (Seoul, Korea) used a light microscope (magnification, ×100) to examine the hematoxylin and eosin-stained slides and select blocks with sufficient tumor cells. A total of 6 (10-µm thick) sections from each FFPE block were deparaffinized by xylene at a heating temperature of 50°C, followed by ethanol washing, and RNA was subsequently isolated using a RNeasy FFPE kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer\'s protocols, with DNase I treatment. RNA quantities and purities were first measured with the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and used in subsequent evaluations. FFPE tissue is an abundant source of clinical specimens; however, their use is limited in applications involving analysis of gene expression, due to RNA degradation and modification during fixation and processing steps ([@b18-ol-0-0-9784]). Therefore, the quality of RNA extracted from FFPE is one of the most important factors for a multigene assay and next-generation sequencing ([@b19-ol-0-0-9784]).

### Selection of 149 candidate genes

To select genes for analysis, the Oncotype DX RS values were applied to a publicly available microarray dataset with a correlation between the RS and individual genes. A total of seven datasets GSE7390, GSE2034, GSE2990, GSE4922, GSE12093, GSE3494 and GSE6532 ([@b20-ol-0-0-9784]) of the Affymetrix platform ([@b21-ol-0-0-9784]) were used with ER-positive and lymph node-negative samples. The Oncotype DX RS was calculated using 16 genes ([@b10-ol-0-0-9784]). Finally, the RS values were adjusted from 0 to 100. The mean correlation with individual genes was determined by the mean of the Pearson\'s correlation and the Spearman\'s rank correlation, using the RS score and gene expression level of each sample. A correlation was considered when the mean correlation coefficient from the 7 data-sets was ≥0.5 and the final candidate gene group was selected in this process. A total of 149 candidate genes, including all Oncotype DX genes with a high correlation based on the Oncotype DX RS were identified, in another project, which enrolled \>300 Korean patients with ER-positive breast cancer. Since this project is still ongoing, the presentation of all the genes and sequences was not possible.

### Reverse transcription (RT) and pre-amplification of cDNA

For cDNA synthesis, 250 ng of total RNA was reverse-transcribed using a Reverse Transcription Master mix (Fluidigm, San Francisco, CA, USA) in 5 µl reactions, according to manufacturer\'s protocols. Detecting the specific target genes requires a minimum of 800 copies/µl in the final sample mix and pre-amplification can increase the number of copies to a detectable level. The pre-amplification method of cDNA enables the expression studies with a large number of genes from a limited number of samples, including tissue biopsies and archival FFPE materials ([@b18-ol-0-0-9784],[@b22-ol-0-0-9784]). The cDNA samples were amplified with PreAmp Master mix (Fluidigm) and 149 custom-designed primers using Delta Gene assays (Fluidigm), according to the manufacturer\'s protocols. For pooling the Delta Gene assay, 1 µl of each Delta Gene assay (up to 96 assays and up to 53 assays) was combined and added to a DNA suspension buffer (10 mM Tris and 0.1 mM EDTA, pH 8.0; Teknova, Inc., Hollister, CA, USA) to produce a final volume of 200 µl for the final concentration of each assay (500 nM). PreAmp Master mix, pooled primers and cDNA were mixed in a PCR plate. Pre-amplification reactions were performed on the Applied Biosystems Veriti thermal cycler (Thermo Fisher Scientific, Inc.) using the following cycling conditions: 95°C for 2 min, followed by 14 cycles of 95°C for 15 sec and 60°C for 4 min. Exonuclease I (New England BioLabs, Inc., Ipswich, MA, USA) was subsequently added to each pre-amplification reaction, to eliminate the carryover of unincorporated primers. The samples were incubated in the thermal cycler at 37°C for 30 min and at 80°C for 15 min for inactivation. Following pre-amplification, the final products were diluted to 1:10 (v/v) in TE buffer (10 mM Tris-HCI, 1.0 mM EDTA, pH 8.0; Teknova, Inc.).

### RT-quantitative polymerase chain reaction (RT-qPCR)

The Biomark system (Fluidigm) provides orders of magnitude of a higher throughput for RT-qPCR, compared with the conventional platforms, due to its dynamic array integrated fluidic circuits (IFCs) (Fluidigm). These nanofluidic chips contain fluidic networks that automatically combine sets of samples with sets of assays. The control line fluid (Fluidigm) was injected into each accumulator on 96.96 dynamic array IFC chip and placed the chip into the IFC controller for priming. The pre-amplified sample was subsequently mixed with SsoFast EvaGreen supermix with low ROX (Bio-Rad Laboratories, Inc., Hercules, CA, USA), according to the manufacturer\'s protocols, and DNA binding dye sample loading reagent (Fluidigm) were loaded into each inlet on the right side of the frame at room temperature. For the other 96 wells, primer pairs combined with assay loading reagent (Fluidigm) and DNA suspension buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0; Fluidigm) were loaded into their respective inlets. Once in the wells, the components are pressurized into the microfluidic chip using an IFC controller and subsequently systematically combined into 9216 parallel reactions. RT-qPCR was performed on a Biomark HD system using the following thermocycling conditions: 70°C for 2,400 sec, 60°C for 30 sec, 95°C for 60 sec, followed by 30 cycles of 96°C for 5 sec and 60°C for 20 sec. The Biomark assays were repeated twice to provide projects 1 and 2. Data were processed by an automatic global method to set the same threshold value for all assays ([@b23-ol-0-0-9784]) and a linear derivative was used as the baseline correction method using Real-Time PCR Analysis 4.1.3 software (Fluidigm). The cycle quantification (Cq) values of 149 genes were obtained using a Biomark HD system (National Instrumentation Center for Environmental Management, Seoul National University, Seoul, Korea). Gene expression was quantified using 2^−ΔΔCq^ method ([@b24-ol-0-0-9784]) and melting point curves, through the Biomark assay system in 50 samples.

### Statistical analysis

The mean expression of five reference genes \[actin β (*ACTB*), *GAPDH*, glucuronidase β (*GUSB*), ribosomal protein lateral stalk subunit P0 (*RPLP0*) and transferrin receptor (*TFRC*)\] was used to normalize the expression of 144 genes prior to analyzing the correlation with the Oncotype DX RS. Further data analysis was performed in BRB-ArrayTools Beta 2 4.6.0 software (National Institutes of Health, Bethesda, MD, USA). Subsequent to importing the normalized data on BRB ArrayTools, a 'quantitative trait analysis' was performed. Using the least angle regression (LAR) algorithm in the BRB-ArrayTools software and the column RS for defining a response, the 41 genes that correlated with RS were identified, in addition to the following formula for prediction. The prediction of the present study\'s samples can be calculated by the formula: ∑icixi-10.809, where ci and xi are the coefficient and gene expression for the i-th gene, respectively. Three cut-off values of ≥18, ≥11 and ≤10 were used to determine the need for chemotherapy compared with RS.

Results
=======

### Patient and tumor characteristics

Between 2012--2017, a total of 50 patients had an Oncotype DX RS test. Patients\' ages ranged between 32--80 years of age and the median age was 52.42 years. The detailed characteristics of the patients are presented in [Table I](#tI-ol-0-0-9784){ref-type="table"}, where data from 50 patients with a RS of 0--29 were included in these analyses.

### Correlation between Oncotype DX RS and Biomark assay

A quantitative trait analysis was performed to select significant genes through BRB ArrayTools, which indicated 36 genes that correlated with RS from 144 candidate genes, except for the 5 reference genes used for normalization, using the LAR algorithm. The coefficient of each gene was also presented in [Table II](#tII-ol-0-0-9784){ref-type="table"}. Oncotype DX assay panel of 16 cancer-associated genes and 5 reference genes (*ACTB, GAPDH, GUSB, RPLP0*, and *TFRC*) were also included in the Biomark assay. As indicated in [Table III](#tIII-ol-0-0-9784){ref-type="table"}, a total of 41 genes were selected from Biomark assay. As a result, 13 genes, including 5 reference genes, were identified from Oncotype DX and 28 genes were confirmed from the Biomark assay in the present study. Genes common to the Oncotype DX test and the Biomark assay are marker of proliferation Ki-67 (*MKI67*), aurora kinase A (*AURKA*), Erb-B2 receptor tyrosine kinase 2 (*ERBB2*), glutathione S-transferase Mu 1 (*GSTM1*), estrogen receptor 1 (*ESR1*), progesterone receptor (*PGR*), B-cell lymphoma 2 (*BCL2*), signal peptide CUB domain EGF-like 2 (*SCUBE2*), in addition to 5 reference genes. Since the predicted error rate according to the number of genes increases, it is necessary to verify the present study\'s results in the future.

### Predicted score (PS) vs. Oncotype DX RS

The PS was obtained by the coefficient ([Table II](#tII-ol-0-0-9784){ref-type="table"}), and the normalized log intensities for significant genes, which were subsequently compared with the RS, marked the actual score for each patient\'s prediction. Results indicated that 31/50 (62%) cases were defined as a low-risk group (RS \<18) and 19/50 (38%) were defined as an intermediate-risk group (RS 18--30; [Table IV](#tIV-ol-0-0-9784){ref-type="table"}). The RS algorithm was designed by analyzing the results of the three independent preliminary studies ([@b10-ol-0-0-9784]). The PS of 50 samples was calculated by the following formula: ∑icixi-10.809, where 'ci' and 'xi' are the coefficient and gene expression for the i-th gene, respectively. Sample no. 8 indicated a large discrepancy between PS and RS. The assay was repeated with the same mRNA, and PS and RS values exhibited similar high scores in the two Biomark assays, indicating the stability of the assay itself. It was speculated, however, that sample no. 8 may have problems, including high degradation rate.

### Concordance between PS and Oncotype DX RS

If the cut-off is ≥18, the PS is 18/50 cases (36%) and RS is 19/50 (38%), indicating a differential rate of PS against RS of 2%. To minimize the possibility of undertreated patients, if the cut-off is ≥11, PS is 38/50 (76%), and RS is 34/50 (68%), indicating a differential rate of 8% ([Table V](#tV-ol-0-0-9784){ref-type="table"}). Groups with a cut-off value ≤10 are classified as low-risk and do not require chemotherapy. The difference between PS and RS is 10% ([Table V](#tV-ol-0-0-9784){ref-type="table"}). This result indicates that there is a significant correlation between PS and RS scores, although validation is required to accurately determine the risk of distant recurrence.

Discussion
==========

Breast cancer is one of the most common types of cancer in females globally, and accounted for 25.2% of all female cancer cases in 2012 ([@b25-ol-0-0-9784]). Furthermore, in Korea, breast cancer is the second most common type of cancer among females, following thyroid cancer. In 2013, its incidence accounted for 15.4% of all cases of cancer in females and the mortality rate nearly doubled in 3 years following 2010 ([@b26-ol-0-0-9784]). According to the statistics of the Korea Central Cancer Registry database, a total of 21,484 novel cases of breast cancer were diagnosed in 2014 ([@b26-ol-0-0-9784],[@b27-ol-0-0-9784]).

In 2014, cases of hormone receptor-positive breast cancer were indicated to be consistently increasing, reaching 74.1% of all breast cancer cases. The ratio of early breast cancer with stage 0 and stage I was reported in 2014 to have increased gradually, and accounted for ≥50% of all breast cancer cases in Korea ([@b26-ol-0-0-9784]). Patients with hormone receptor-positive early-stage breast cancer can be treated solely with endocrine therapy, without adjuvant chemotherapy, following surgery. In the absence of multigene testing, the majority of patients underwent chemotherapy as an adjuvant treatment to prevent recurrence. It has been observed that some females are undertreated for their disease, while others are overtreated ([@b28-ol-0-0-9784]). As a result, patients suffer from numerous side effects including vomiting, diarrhea, fever and hair loss, resulting in unnecessary expenditure by the national healthcare system. However, patients do not receive equal clinical benefits from chemotherapy and only 4--5% of these patients actually benefit from adjuvant chemotherapy ([@b1-ol-0-0-9784]). That is why multigene testing is necessary to determine whether or not to perform chemotherapy in patients, therefore, increasing the importance of examining multigene prognostic tools ([@b29-ol-0-0-9784]--[@b31-ol-0-0-9784]). Among them, the 21-gene RS assay has been the most frequently used and proven to have a significant impact on treatment decisions for patients with early breast cancer ([@b1-ol-0-0-9784],[@b32-ol-0-0-9784]--[@b35-ol-0-0-9784]). However, the cost of the 21-gene assay is high, in addition to the turnaround time to get results from abroad ([@b16-ol-0-0-9784]). Therefore, further studies for an economical alternative to Oncotype DX are required.

In the present study, 41 genes were selected through the Biomark assay system. Common genes of Oncotype DX and Biomark assay were used, including *MKI67, AURKA, ERBB2, GSTM1, ESR1, PGR, BCL2, SCUBE2* and 5 reference genes. The remaining 28 genes are involved in various pathways and functions, including the cell cycle. It can be suggested that there is a distinct difference from the Oncotype DX in the genetic composition designed from a study of Korean patients with breast cancer. If the score was ≥18, the predicted model indicated a differential rate of 2% against RS. To minimize the potential for patient undertreatment, if the score was ≥11, a differential rate of 8% was identified. The present study\'s PS provided an accurate reflection of the RS. Sample no. 8 had the highest score among 50 samples and had a large discrepancy between PS and RS. The assay was repeated with the same mRNA, and PS and RS values tended to exhibit a high score in the two Biomark assays (Project 1 and 2), indicating the stability of the assay itself. Sample no. 8 itself may have problems, including high degradation rate, however, the sample could not be excluded for analysis without specific reason. Further studies are to be conducted to verify the validity of the algorithm using an independent sample set. Depending on the results of the aforementioned, it would assist to discern the limitation of the Biomark assay.

Samples of patients with low-risk, ER-positive early-stage breast cancer were used in the present study. However, it is necessary to analyze samples of high-risk patients prone to relapse for future validation of the algorithm. Oncotype DX is a valuable test for deciding the optimal treatment for each individual case of breast cancer. However, it is not affordable for developing countries and therefore a novel test is required to replace Oncotype DX.
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###### 

Patient and tumor characteristics.

  Characteristic                                                       Number (%)
  -------------------------------------------------------------------- ------------
  Number of cases                                                      50
  Age (years)                                                          
    \<40                                                               2 (4)
    40--49                                                             21 (42)
    50--59                                                             20 (40)
    ≥60                                                                7 (14)
  Surgery                                                              
    Breast-conserving operation                                        46 (92)
    Mastectomy                                                         4 (8)
  Pathological T stage^[a](#tfn2-ol-0-0-9784){ref-type="table-fn"}^    
    T1                                                                 48 (96)
    T2                                                                 2 (4)
  Pathological N stage^[a](#tfn2-ol-0-0-9784){ref-type="table-fn"}^    
    No                                                                 50 (100)
  Histological subtype                                                 
    Ductal carcinoma                                                   44 (88)
    Lobular                                                            6 (12)
  Nuclear grade^[b](#tfn3-ol-0-0-9784){ref-type="table-fn"}^           
    1                                                                  16 (32)
    2                                                                  31 (62)
    3                                                                  3 (6)
  Histological grade^[b](#tfn3-ol-0-0-9784){ref-type="table-fn"}^      
    1                                                                  34 (68)
    2                                                                  16 (32)
  Estrogen receptor^[c](#tfn4-ol-0-0-9784){ref-type="table-fn"}^       
    Positive                                                           50 (100)
    Negative                                                           0
  Progesterone receptor^[c](#tfn4-ol-0-0-9784){ref-type="table-fn"}^   
    Positive                                                           46 (92)
    Negative                                                           4 (8)
  Ki-67^[d](#tfn5-ol-0-0-9784){ref-type="table-fn"}^                   
    Low                                                                31 (62)
    High                                                               19 (38)
  Radiotherapy                                                         
    Yes                                                                42 (84)
    No                                                                 8 (16)
  Chemotherapy                                                         
    Yes                                                                19 (38)
    No                                                                 31 (62)
  Endocrine therapy                                                    
    Yes                                                                50 (100)
    No                                                                 0

The disease stages of the patients were determined by

the 8th edition of the American Joint Committee on Cancer cancer staging manual

modified Bloom-Richardson grade

American Society of Clinical Oncology/College of American Pathologists guidelines for immunohistochemistry testing

St. Gallen International Breast Cancer Conference 2015.

###### 

The selected genes and the coefficient from the Biomark assay.

  Selected genes   Coefficient
  ---------------- -------------
  CDKN3            0.446
  CDK1             1.452
  CDC6             −0.386
  AURKA            2.928
  ESR1             −2.105
  DNMT3B           2.03
  BUB1             −0.762
  CDCA3            −1.747
  PGR              −1.243
  NCAPG2           −0.821
  EZH2             1.996
  GSTM1            −0.308
  MKI67            0.577
  LMNB2            2.769
  CCNA2            −0.833
  CENPN            0.038
  PTTG1            1.192
  SLC25A12         0.265
  DLGAP5           −0.569
  ERBB2            1.765
  KIF20A           −1.389
  SCUBE2           −1.141
  KIF11            −0.696
  RRM2             −0.067
  CCNE2            0.198
  BCL2             −0.568
  SQLE             0.536
  LRRC48           −0.221
  CX3CR1           0.349
  NCAPH            −0.892
  C16orf61         0.92
  KIF15            −0.267
  PDSS1            −0.598
  PRC1             −1.535
  CIRBP            0.315
  GTSE1            −0.252

###### 

Genetic comparison between Oncotype DX and Biomark assay.

  Oncotype DX genes (n=21)   Common genes (n=13)   Biomark assay genes (n=41)
  -------------------------- --------------------- ----------------------------
  BIRC5                      MKI67                 CDK1
  CCNB1                      AURKA                 CDC6
  MYBL2                      ERBB2                 CDCA3
  MMP11                      GSTM1                 NCAPG2
  CTSL2                      ESR1                  LMNB2
  GRB7                       PGR                   CENPN
  BAG1                       BCL2                  PTTG1
  CD68                       SCUBE2                CCNE2
                             ACTB                  SQLE
                             GAPDH                 LRRC48
                             RPLP0                 KIF15
                             GUSB                  PDSS1
                             TFRC                  PRC1
                                                   CIRBP
                                                   CDKN3
                                                   DNMT3B
                                                   BUB1
                                                   EZH2
                                                   CCNA2
                                                   SLC25A12
                                                   DLGAP5
                                                   KIF20A
                                                   KIF11
                                                   RRM2
                                                   CX3CR1
                                                   NCAPH
                                                   C16orf61
                                                   GTSE1

###### 

The predicted score and the actual recurrence score for each patient\'s prediction.

  Sample code   Predicted score   Actual recurrence score
  ------------- ----------------- -------------------------
    1           14                17
    2           14                29
    3           22                28
    4           25                22
    5           19                22
    6           15                14
    7           25                21
    8           31                5
    9           6                 0
  10            24                15
  11            21                20
  12            6                 10
  13            16                17
  14            15                6
  15            8                 7
  16            16                16
  17            20                23
  18            14                9
  19            12                9
  20            24                24
  21            10                11
  22            14                10
  23            18                28
  24            0                 2
  25            4                 9
  26            18                22
  27            7                 10
  28            18                21
  29            11                13
  30            16                20
  31            11                5
  32            13                23
  33            19                17
  34            16                14
  35            18                16
  36            7                 4
  37            14                11
  38            11                10
  39            25                25
  40            17                15
  41            7                 12
  42            16                15
  43            23                20
  44            10                17
  45            9                 0
  46            23                19
  47            21                23
  48            13                18
  49            22                26
  50            7                 9

###### 

Comparison of cut-off criteria for screening for chemotherapy.

                PS   Actual RS        
  ------------- ---- ----------- ---- ----
  Cut-off ≥18   18   36          19   38
  Cut-off ≥11   38   76          34   68
  Cut-off ≤10   11   22          16   32

PS, predicted score; RS, recurrence score.
